Muon spin relaxation has been investigated in the geometrically frustrated antiferromagnet Gd 2 Ti 2 O 7 as a function of magnetic field and temperature. Well above the magnetic ordering temperature of T c = 1 K, the field dependence of the muon spin relaxation rate ͑T 1 −1 ͒ originates from field-induced changes in the spectral density of Gd fluctuations. This allows one to determine both the autocorrelation time and magnitude of the fluctuating local magnetic field at the muon. Well below T c a coherent precession signal is observed, corresponding to a much smaller quasistatic local magnetic field. At low temperatures Since Anderson considered the problem of antiferromagnetic ordering on the pyrochlore lattice 1 in 1956, there has been a great deal of interest in systems where the magnetic ions occupy the vertices of edge or corner sharing triangular units.
Since Anderson considered the problem of antiferromagnetic ordering on the pyrochlore lattice 1 in 1956, there has been a great deal of interest in systems where the magnetic ions occupy the vertices of edge or corner sharing triangular units. 2 In such systems the natural magnetic coupling will be geometrically frustrated if it is not possible for the spins to satisfy the dominant magnetic interaction. In pyrochlore metal oxides, with a general formula A 2 B 2 O 7 , the magnetic ions ͑A and/or B͒ occupy a network of corner-sharing tetrahedra. The curiosity about these systems stems from the possibility that if conventional magnetic order is highly frustrated then one may find novel low temperature behavior. There is now considerable evidence that the low-temperature state depends sensitively on a variety of factors such as anisotropy, 3 the range of the spin-spin interactions, 4, 5 thermal, 6 and quantum [7] [8] [9] fluctuations and residual disorder. 3, 10 Novel properties, such as cooperative paramagnetism, 11 unusual first-order phase transitions, 12 and dipolar "spin-ice" behavior, [13] [14] [15] have all been observed in rare earth titanate pyrochlores.
Recent theoretical efforts have focused on geometrically frustrated systems with competing superexchange and dipolar interactions, assuming either Ising 15, 16 or Heisenberg spins. 4, 17, 18 Calculations by Del Maestro et al. 19 predict several ordered structures at low temperature depending on further neighbor interactions. Gd 2 Ti 2 O 7 is an excellent approximation to such a model system characterized by a Heisenberg antiferromagnetic coupling with the dipoledipole interaction as the leading perturbation. The Gd 3+ ion ͑4f 7 ͒ has an 8 S 7/2 ground state with no orbital contribution to its angular momentum. Thus, crystal field splittings and anisotropy are expected to be relatively unimportant. Experimentally, measurements of the heat capacity, ac and dc susceptibility 17 show evidence of long-range ordering at 0.97 K, with several ordered phases as a function of temperature and applied magnetic field. 20, 21 Initial neutron diffraction 22 data at 50 mK suggested a partially ordered noncollinear antiferromagnetic ground state, while more recent measurements 23 suggest rather that three of the four spins on a tetrahedron are fully ordered, while the fourth is weakly ordered with a reduced moment of 1.9 B . Recently SR data have also been reported in a single crystal of Gd 2 Ti 2 O 7 , 24 which show a sharp second transition at 0.7 K in specific heat measurements and where the lowtemperature muon spin relaxation rate is very small but finite even at 20 mK. The nature of the 0.7 K transition is not known for certain but the authors suggest that it may be structural.
In this paper we report a SR investigation as a function of magnetic field of a polycrystalline sample of Gd 2 Ti 2 O 7 with a single transition at T c = 1 K. The pressed polycrystalline samples were prepared in a manner similar to that of Ref. 17 . In particular, Gd 2 O 3 and TiO 2 were mixed in stoichiometric quantities and heated in alumina crucibles for 12 h at 1400°C. The absence of the second transition at 0.7 K has been attributed to residual disorder. 20 The SR measurements were carried out at TRIUMF in a 4 He gas flow cryostat for temperatures above 2 K and in an Oxford Instruments model 400 top-loading dilution refrigerator ͑DR͒ for lower temperatures. In a SR experiment the observed quantity is the time evolution of the muon spin polarization, which depends on the distribution of internal magnetic fields and their temporal fluctuations. 25 Figure 1 shows the time evolution of the muon polarization above and below the magnetic ordering transition at T c = 1 K in a small applied field of 5 mT. 26 Above T c ͑open squares͒ single exponential behavior of the entire signal is observed. On cooling below T c a high-frequency oscillation develops ͑filled circles in the inset͒, indicating a quasistatic internal field with a component perpendicular to the initial muon polarization direction ͑ẑ͒. In addition, there is a smaller, slowly relaxing part of the signal which is observable on a longer time scale ͑filled circles in the main figure͒ and which is attributed to the ẑ component of the internal field. Ideally, in a randomly oriented powder the amplitude for the precessing and nonprecessing components should be 2 / 3 and 1 / 3, respectively. The observed amplitudes extrapolated to t = 0 are close to this ratio but account for only about half of the signal amplitude seen above T c , indicating there is an unresolved fast-relaxing signal. Figure 2 shows the average muon spin relaxation rate in Gd 2 Ti 2 O 7 obtained from fits to a single exponential relaxation function over the time interval of 0.05 or 0.1 to 7.5 s above and below T c , respectively. The oscillatory component has been omitted from the analysis as it became too highly damped in the neighborhood of T c . The muon spin relaxation rate at 5 mT is almost temperature independent for T ӷ T c , as the spin fluctuation rate is then determined by the exchange coupling J. The rise in T 1 −1 below 10 K is attributed to critical slowing down of the fluctuations as one approaches T c . The low field results above T c are in good agreement with Ref. 24 . Similar behavior is observed in a large applied field of 4 T except the relaxation rates are slightly smaller. Below T c the magnetic field has a much more dramatic effect. In low field the relaxation rate falls sharply immediately below T c but levels off at a constant value below 500 mK. In high field T 1 −1 continues to fall below 500 mK and is too small to measure below 100 mK. The latter is more typical of conventional magnetic order where the magnetic excitations die off rapidly at low temperatures. 27 We first discuss the spin dynamics in the paramagnetic phase. A detailed field dependence of the muon spin relaxation rate is shown in Fig. 3 at 100 and 7.5 K. Note T 1 −1 falls off gradually above a few Tesla. Following conventional theory for nuclear spin relaxation from fluctuating electronic moments, 28 one can express T 1 −1 in terms of the autocorrelation functions for the components of the electron spin parallel ͑S z ͒ and perpendicular ͑S x ͒ to the magnetic field direction ͑ẑ͒ : ͗S z ͑t͒S z ͑0͒ * ͘ =1/3S͑S +1͒exp͑−t / ͒ and ͗S x ͑t͒S x ͑0͒ * ͘ =1/3S͑S +1͒exp͑i e t͒exp͑−t / ͒, where e = ␥ e B is the electronic Zeeman frequency and is the correlation time for fluctuations. For simplicity, we have assumed exponential correlation functions with the same correlation times for S z and S x . Note the transverse component of an electron spin precesses in the field at e as it relaxes, whereas the longitudinal component relaxes without precession. The muon spin relaxation rate is proportional to the spectral density J͑͒ of the effective fluctuating field at the muon, evaluated 
͑1͒
where ⌬ i depends on the form of the muon-electron coupling. For an isotropic hyperfine coupling only ⌬ 0 is nonzero, whereas for dipolar coupling all three may be nonzero with amplitudes which depend on the orientation between the muon-electron direction and the magnetic field. Using the fact that e ӷ , one can simplify Eq. ͑1͒,
where ⌬ is measure of the total coupling strength and f = ⌬ 1 2 / ⌬ 2 is the fractional contribution from the first term, which is almost field independent when Ӷ 1. Note the first term originates from fluctuations in S z ͑i.e., along the magnetic field͒, whereas the second comes from fluctuations in S x . Most of the observed field dependence comes from the second term, arising from peaks in the spectral density at Ϯ the electron spin resonance ͑ESR͒ transition frequency. This term becomes small when the electronic Zeeman frequency ͑ e ͒ exceeds the fluctuation rate ͑1/͒. It is interesting to note that the relaxation rate decreases due to the fieldinduced change in the shape of the spectral density function rather than a change in the muon Larmor frequency. In earlier works on spin glasses it has been assumed that the spectral density does not depend on magnetic field in the paramagnetic state. 29 The data at 100 K in Fig. 3 were fit to Eq. ͑2͒, yielding = 3.0͑1͒ ϫ 10 −12 s, ⌬ = 4.94͑9͒ ϫ 10 8 s −1 , and f = 0.31͑1͒. The fitted value of can be used to estimate the exchange constant ͉J͉ = 0.29͑2͒ K using ͑ប / ͒ 2 =2ZJ 2 S͑S +1͒ /3, 30 with a coordination number Z = 6, and spin S =7/2. This is close to the value of J = −0.30͑1͒ K deduced from measurements of the Curie-Weiss temperature CW = ZJS͑S +1͒ /3=−9.6 K. 17 One can also estimate the total magnitude of the effective fluctuating magnetic field at the muon as ͱ 3⌬ / ␥ = 1.00͑2͒T, 31 which is reasonable for such large moments. It is clear from Fig. 3 that the field dependence at 7.5 K is no longer well described by Eq. ͑2͒, indicating there are significant changes in the spectral density as one approaches CW , where short-range correlations become important. The low-frequency contributions to the spectral density are particularly sensitive to further neighbor interactions, 32 which become increasingly important as the phase transition is approached.
We now turn to the behavior in the ordered state below T c = 1 K. As can be seen from Fig. 1 , the muon spin polarization function in low field shows a heavily damped oscillation at early times and a slowly relaxing component at later times. The spontaneous precession signal at 23 MHz is a characteristic signature of an ordered magnetic state in which the moments are quasistatic on the time scale of the muon lifetime. Considering the complex crystal structure and the possibility of multiple muon sites with a corresponding distribution of internal fields, the damping rate is reasonable. The signal is very similar to that reported in Ref. 24 where the precession signal was fit to a sum of two frequencies with an average equal to that observed here. In both samples the average internal field at the muon is 0.17 T, which is six times smaller than the fluctuating internal field measured above the transition temperature. It is also substantially smaller than the internal field strength of 1.2 T observed in the ordered state of the isostructural compound Tb 2 Mo 2 O 7 , where the Tb 3+ ion has a similarly sized moment. 33 While some reduction in an ordered state could be anticipated due to cancellation effects from neighboring moments, such a large difference is surprising in a complicated structure with many low-symmetry interstitial sites. ͑The muon is expected to occupy a low-symmetry site about an O-H bond length from an oxygen.͒ This suggests there may also be some reduction in the ordered moment relative to the paramagnetic state. Recent neutron scattering measurements find an ordered moment of only 1.9 B on one of the four spins comprising a tetrahedron 23 below the lower phase transition. By comparison, measurements of the susceptibility in the paramagnetic state are consistent with a free-ion value for Gd 3+ equal to 7.94 B .
There is a significant difference in the low-temperature spin relaxation rate in the present sample compared to that reported in Ref. 24 . While the relaxation rates depend somewhat on how the data are analyzed, the differences are apparent even in the raw time spectra. For example, the time for the polarization to relax to half its initial value is ϳ0.3 s or a factor of 10 shorter than reported for the crystal. This suggests that low-temperature spin relaxation originates from residual structural disorder since the present sample was not annealed extensively at low temperature. Off-stoichiometry in the Gd to Ti ratio has been reported in Gd 2 Ti 2 O 7 which has been synthesized at high temperature. 34 Such disorder would act to dilute the magnetic species on the A site, introducing paramagnetic-like spins. 10 Application of a large magnetic field of 4 T dramatically alters the temperature dependence of the relaxation rate below T c . As seen in Fig. 2 , T 1 −1 drops rapidly below a slightly shifted T c = 1.1 K and is too small to measure below 100 mK. Thus, the magnetic field completely quenches the low-temperature spin relaxation. This is in sharp contrast to the much smaller effect of the 4 T field observed above T c . On general grounds, we expect terms in the spectral density centered at ± e , arising from transverse fluctuations ͓second and third terms in Eq. ͑1͔͒, will evolve to much higher frequencies in the ordered state even in low applied field, since at low temperatures any electron spin transition will be on the order of any spin gap. In this case only the first term from the longitudinal fluctuations should contribute significantly to the terms in the spectral density relevant to the muon spin relaxation rate. In order to completely quench the relaxation one must only satisfy that ӷ 1, implying the fluctation rates at low temperatures are much less than 1 GHz, several orders of magnitude slower than the paramagnetic regime.
In conclusion, we have performed a detailed investigation of the spin dynamics in a polycrystalline sample of Gd 2 Ti 2 O 7 as function of magnetic field and temperature. Well above the magnetic phase transition the muon spin relaxation rate is weakly field dependent. This behavior is attributed to fieldinduced changes in the spectral density from the transverse spin fluctuations. We show that this field dependence may be used to directly measure both the correlation time for Gd spin fluctuations and the magnitude of the fluctuating magnetic field at the muon. Well below T c = 1.0 K a coherent oscillation is observed corresponding to a quasistatic internal field much smaller than the fluctuating field seen above T c . Finally, the residual spin relaxation at low temperatures is much greater than has been reported recently on a single crystal with a second phase transition at 0.7 K. 24 The enhanced low-temperature relaxation is quenched by the application of a magnetic field, suggesting that the lowtemperature relaxation arises from low-frequency dynamics, possibly due to residual structural disorder. Such residual disorder may be a more widespread feature of the rare earth titanate pyrochlores, 35 despite their nominally stoichiometric composition. This phenomenon may explain the differing low-temperature behavior reported in the related compound Tb 2 Ti 2 O 7 ͑Ref. 36͒ and once again highlights the fragile nature of the ground state in these geometrically frustrated materials.
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